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1
METHOD AND APPARATUS FOR
GENERATING HYDROGEN FROM METAL

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of U.S. Provisional
Application No. 61/785,372, filed Mar. 14, 2013, the disclo-
sure of which is hereby incorporated by reference in its
entirety. To the extent the foregoing application and/or any
other materials incorporated herein by reference conflict with
the present disclosure, the present disclosure controls.

BACKGROUND

Fuels such as natural gas, methane and hydrogen that are
gaseous at ambient conditions present more difficult storage
and fuel-injection pressurization problems than do petrol lig-
uids such as gasoline and diesel fuel. Accordingly, there is a
need for efficient methods and devices to produce pressurized
hydrogen for use in engines and production processes.

BRIEF DESCRIPTION OF THE DRAWINGS

Non-limiting and non-exhaustive embodiments of the
devices, systems, and methods, including the preferred
embodiment, are described with reference to the following
figures, wherein like reference numerals refer to like parts
throughout the various views unless otherwise specified.

FIG. 1 is a schematic cross-sectional representation of an
apparatus for hydrogen generation according to a representa-
tive embodiment;

FIG. 2A is a schematic cross-sectional representation of a
sheath material and core material according to a representa-
tive embodiment;

FIG. 2B is a schematic partial cutaway of a longitudinal
section of the sheath material shown in FIG. 2A;

FIG. 3A is a schematic cross-sectional representation of a
feedstock reactor for hydrogen generation according to a
representative embodiment;

FIG. 3B is a schematic partial cutaway of a reaction feed-
stock embodiment having a relatively thin wall tube; and

FIG. 4 is a schematic cross-sectional representation of a
processor apparatus for converting a donor fluid to hydrogen
according to a representative embodiment.

DETAILED DESCRIPTION

Disclosed are various embodiments of hydrogen genera-
tors that produce hydrogen from metal feedstock. In some
embodiments, hydrogen is generated by feeding a metal feed-
stock material into a reaction chamber while distressing the
metal feedstock material to increase its surface area-to-vol-
ume ratio. The feedstock is exposed to high-pressure steam
and a catalytic agent within the reaction chamber. In some
embodiments, the reaction chamber is heated to rapidly ini-
tiate hydrogen generation.

Specific details of several embodiments of the technology
are described below with reference to FIGS. 1-4. Other details
describing well-known structures and systems often associ-
ated with ignition systems, fuel systems, and electronic valve
actuation, such as fuel pumps, regulators, and the like, have
not been set forth in the following disclosure to avoid unnec-
essarily obscuring the description of the various embodi-
ments of the technology. Many of the design specifications,
such as details, dimensions, angles, steps, and other features
shown in the figures are merely illustrative of particular
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embodiments of the technology. Accordingly, other embodi-
ments can have other design specifications without departing
from the scope of the present technology. A person of ordi-
nary skill in the art, therefore, will accordingly understand
that the technology may have other embodiments with addi-
tional elements, and/or the technology may have other
embodiments without several of the features shown and
described below with reference to FIGS. 1-4.

Various industrial wastes including substances such as
sodium, magnesium, calcium, aluminum, iron, carbon, and
silicon, can be presented and/or activated to replace hydrogen
in water. Equation 1 shows a representative process whereby
such substances are depicted as metals, alloys, or composites
“M” in reactions to replace hydrogen in water steam to pro-
duce hydrogen and an oxide and/or one or more hydroxides of
the “M” substances.

M+H,0—=MO+H,+HEAT Equation 1

FIG. 1 illustrates a hydrogen generator 600, according to a
representative embodiment, that is operative to supply heat
and hydrogen for various applications, such as engines and
production processes. In one embodiment, illustrative of the
Equation 1 process, the hydrogen generator 600 provides
efficient conversion of waste aluminum to chemical and pres-
sure fuel potential energy by: useful application of scrap
aluminum food and beverage cans along with metal chips
from machine shops and various other wastes including alu-
minum packaging products such as aluminized paper and
polymer films; and/or generating hydrogen from water and
aluminum along with refined Al,O; for use as abrasive and
polishing media, and/or AI(OH); for applications in numer-
ous new products. Particularly valuable products include sap-
phire crystal profiles, crystal shapes, and crystal photo-elec-
tronic devices. In addition, the use of such techniques can
provide local job development for production of more valu-
able new products compared to ordinary recycling of alumi-
num.

In operation, a feedstock in a suitable form such as chips,
shreds, strips, wire, wool, or bar stock 606 is fed through a
feedstock inlet 605 having an inlet seal 604, and into drive
elements, e.g., one or more feed rollers 608 (e.g., a pair of
rollers) and distressing elements, e.g., one or more pairs of
distressing rollers 612 and 614 positioned in-line with the
feed rollers 608. The rollers 608, 612, 614 are positioned to
draw feedstock 606 into the reaction chamber 601. The rollers
can be individually or synchronously powered by a power
take-off from an engine or by a suitable hydraulic, electric, or
pneumatic motor, or by a hand crank (not shown). The dis-
tressing rollers 612, 614 increase the ratio of surface area-to-
volume of the feedstock by forming it into a thin strip or foil,
corrugating the feedstock, perforating the feedstock, or com-
binations thereof. Accordingly, the distressing rollers 612,
614 can include suitable teeth or perforators. As shown in
FIG. 1, the distressing rollers 612, 614 can also be configured
to form a coil 620. The coil 620 can also be perforated,
corrugated, or otherwise distressed to increase the surface
area of the feedstock that is available for reaction. Thus, the
coil 620 can be presented as a stressed and/or curled high
surface-to-volume feedstock to steam or other suitable reac-
tant, and the ensuing reaction can produce hydrogen. In some
embodiments, the steam can be provided from a suitable
source and supplied through a steam inlet fitting 622 that
extends through a sidewall 617 around a reactor chamber 601.
The steam inlet fitting 622 can connect to an annular distribu-
tor 624 and injection ports 626 to distribute steam into the
reaction chamber 601.
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In particular embodiments, the feedstock can include alu-
minum. In other embodiments, other and/or additional feed-
stock metals can be used, e.g., iron, steel, magnesium, cal-
cium, and zinc. In still further embodiments, semi-metals,
such as carbon, silicon, and germanium, can be used in the
system.

The hydrogen generator 600 can produce high pressure
hydrogen which is the product of intermittent cycles in which
low pressure water is loaded and converted to high pressure
hydrogen, and/or by continuous delivery of high pressure
water that is added through the steam inlet fitting 622 into
reactor chamber 601. As a result of the exothermic reaction
with aluminum, gaseous steam and hydrogen products are
produced. These products occupy a much greater volume
than the liquid water and solid aluminum as a result of the
greater number of moles of hydrogen produced per mole of
aluminum consumed, as shown in Equation 2.

Al4+3H,0—>Al(OH)+1.5H,+HEAT Equation 2

Hydrogen thus produced is filtered by a suitable filter
medium 618F disposed inside the reactor chamber 601 adja-
cent a hydrogen outlet 616 that extends through the surround-
ing sidewall 617 of reactor chamber 601. The filter medium
618F can be any suitable material such as hydrophobic graph-
ite foam, carbon, ceramic, or metal fibers compacted into a
cylindrical body with collection passageways such as a heli-
cal annular passageway, groove or channel 618G. The pas-
sageway 618G can be positioned on the outside diameter of
the filter medium 618F to feed filtered hydrogen to the hydro-
gen outlet 616, which can include a fitting suitable for deliv-
ering hydrogen to applications using the hydrogen.

Some embodiments can include a suitable heating element
634 to rapidly initiate the reaction. In other embodiments,
heat can also be transferred from the cooling system or
exhaust gases of an engine, for example. This provides rapid
heating of a catalyst medium 632 and/or steam in the upper
reaction zone to 100° C. (212° F.) or higher for quickly
enabling rapid production of pressurized hydrogen. After
reaching a suitable reaction rate, the heater 634 can be shut off
because the reaction is exothermic and autogenously contin-
ues to produce pressurized hydrogen and heat as summarized
by Equation 2.

In some embodiments, the filter medium 618F is catalytic
in order to reduce the activation energy of the reaction shown
in Equation 2. Catalysts for this purpose may be general for a
wide variety of agents and derivatives of feedstock sub-
stances. In other embodiments, a catalyst (such as suitably
activated carbon) is coated on the bar stock 606, e.g., as a
wool or a powder, and is distributed onto filter medium 618F
by a wiping action as the feedstock travels alongside the filter
medium 618F (see FIG. 1).

In a particular embodiment, any feedstock, including the
coil 620, that is not promptly reacted in the reactor chamber
601 as provided in Equation 2, is subsequently reacted down-
stream. For example, the generator 600 can include a down-
stream portion 635 that carries a catalyst medium 632 such as
a hot caustic comprising NaOH and/or KOH. Accordingly,
the catalyst medium 632 serves as another process catalyst to
soften a film of aluminum oxide or aluminum hydroxide on
the coil 620. The process can be aided by the exfoliating stress
on such films that curling and or bending the coil 620 pro-
duces to thus promote the release of hydrogen. In other words,
the catalyst medium 632 can also provide and/or assist in
increasing the surface area-to-volume ratio of the feedstock.

The foregoing processes take place under the pressure and
heat maintained by adding water through the steam inlet
fitting 622 and/or adding the feedstock, such as aluminum.
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The amount of hydrogen, heat, and pressure produced can be
controlled by controlling the rate that water is added through
the steam inlet fitting 622. The hydrogen, heat, and pressure
production rate can also be controlled by controlling the rate
that aluminum or other feedstock is added to the gaseous
and/or liquid reaction zones, e.g., the reactor chamber 601
and the downstream portion 635, respectively. The hydrogen,
heat, and pressure production rate can also be controlled by
controlling the rate that exothermic heat produced by the
process (summarized by Equation 2) is removed or otherwise
dissipated, in addition to or in lieu of the foregoing controls.

In particular embodiments, the hydrogen can initially be
produced from waste aluminum such as cans, machine shop
cuttings, etc. The caustic solutions can be made from a supply
of dry Drano® or NaOH lye and/or from KOH and/or from
water and wood ashes. The consumable water for this purpose
need not be pure, and can instead be contaminated with sew-
age or other disaster debris or seawater. The hydrogen gen-
erator 600 can facilitate the conversion of many types and
sizes of engine-generators to hydrogen operation to produce
full power, provide exhaust steam suitable to heat a surgery
support autoclave, and/or provide steam for domestic pur-
poses such as heating a cook top, oven, clothes dryer, and/or
space heater. The steam can be condensed in a heat exchanger
while heating filtered water to sterilizing temperatures for
washing dishes, bedding, and/or clothes. Thereafter, the
steam can provide approximately nine kilograms of pure
water per kilogram of hydrogen consumed. In some embodi-
ments, the excess heat from the hydrogen generator 600 can
be used to further produce hydrogen in a subsequent hydro-
gen generator system 1050 as explained below with respect to
FIG. 4.

Another representative embodiment useful for rescue and
emergency support, is to prepackage coils of a relatively
stable metal such as steel, magnesium, or aluminum as a
composite wire or strip. Production accelerators such as car-
bon can be included in the coil. For example, FIG. 2A shows
a cross section of a coil material 700 including a sheath
material 702 that surrounds a core material 704. FIG. 2B
shows a partial cutaway of a longitudinal section of the coil
material 700 and a hermetic seal 706 used to contain the core
material 704.

The sheath material 702 provides a protective sheath for
the core material 704, which can include sodium, potassium,
magnesium, calcium, and/or suitable hydrides. The ends of
the sheath material 702 can be pinched, welded, or otherwise
hermetically sealed to provide a long shelf-life for the core
material 704 inside. Upon activation in the hydrogen genera-
tor 600, hydrogen is produced at sufficient pressure to start
and run an engine, for example. In operation, with core mate-
rials including sodium and/or potassium, the inventory of the
catalyst medium 632 can be produced and/or maintained
thereby allowing for losses of the catalyst medium 632. In
other words, the coil material 700 can include materials that
replace, supplement and/or reduce the need for the catalyst
medium 632. Some of the catalyst medium 632 can be lost
during pressurized extrusion of the metal hydroxide produced
in the reaction, as explained below.

Returning to FIG. 1, the hydrogen generator can include a
suitably located valve, such as an extrusion valve 636 which
may be fed by a stratification pickup tube 638. During opera-
tion, accumulated aluminum hydroxide is occasionally pres-
sure extruded through the extrusion valve 636. The slurry
extrudate may entrain portions of the catalyst medium 632.
The catalyst medium 632 can be replenished by using a
selected length of the coil material 700 to provide NaOH
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and/or KOH as a result of the reaction of water with the
sodium and/or potassium content of the core material 704
described above.

In another embodiment, the bar stock 606 is a composite of
powdered magnesium or aluminum sheath material 702 that
is held together with a suitable organic or inorganic binder to
form a protective sheath around a carbon film or foil that seals
a core substance such as an ionic, covalent, or interstitial
hydride and/or a suitable substrate such as a suitable graphene
matrix with adsorbed hydrogen. Embodiments that provide
rapid startup include core materials such as sodium, potas-
sium, calcium, and/or hydrides such as sodium hydride, cal-
cium di-hydride, or boron tetra-hydride, all of which readily
react with ambient temperature water to release hydrogen and
heat.

Upon heating the catalytic sodium and/or potassium
hydroxide catalyst medium 632, the reaction of the aluminum
proceeds at a high rate, producing a high rate of hydrogen
production heat release. Upon reaching a sufficiently high
temperature, the carbon core reacts with the steam, releasing
carbon monoxide and/or carbon dioxide. Thus, the amount
and type of pressurized gas supplied from hydrogen outlet
fitting 616 can be controlled by controlling the operating
temperature of hydrogen generator 600. In addition, rate con-
trol, including quick shut down, is provided by controlling the
rate that water is added through the steam inlet fitting 622
and/or the rate that the bar stock 606 is fed into the reaction
chamber 601 of hydrogen generator 600 and/or the rate at
which heat is removed from the generator 600.

FIG. 3A illustrates a hydrogen generator 800 having first,
second and third zones 832A, 832B, 832C for reacting a
feedstock 806 in accordance with a representative embodi-
ment. The first zone 832 A contains reaction products such as
vapor and steam. The second zone 832B contains liquid con-
densate, such as water, and catalyst medium. The third zone
832C contains settling reaction products in the form of a
slurry. The feedstock 806 can include mixtures containing,
carbon, calcium carbide, steel, cast iron, aluminum, magne-
sium, and/or a suitable metal hydride reactant. The feedstock
806 is drawn into the base 817 of a reaction chamber 808 (e.g.,
by a suitable thrust actuator) through a feedstock inlet 805
having an inlet seal 802, such as an O-ring or “V” pack. For
example, the hydrogen generator 800 can include drive ele-
ments, e.g., one or more feed rollers 804 (e.g., a pair of rollers)
and/or distressing elements, e.g., one or more pairs of dis-
tressing rollers or gears 810 and 812 positioned in-line with
the feed rollers 804. The feed rollers and/or distressing rollers
810, 812 feed the feedstock 806 into the third zone 832C of
reactor chamber 808. Some embodiments provide for produc-
ing stresses that cause the feedstock 806 to curl as it is thrust
into the third zone 832C and/or the second zone 832B and
beyond as needed. In other embodiments, the distressing
rollers 810, 812 perforate, corrugate, and/or surface texture
the feedstock 806 as it is drawn into the reactor chamber 808.
In some embodiments, the feedstock 806 can be pushed or
pulled into the reactor chamber 808 and crushed or smashed
with suitable reciprocating devices.

In the third zone 832C, the feedstock 806 is exposed to
heated water, steam, and/or catalytic agents such as activated
carbon, sodium hydroxide, sulfuric acid and/or potassium
hydroxide. The third zone 832C may also include precipitates
such as oxides or hydroxides of metals such as iron, alumi-
num, magnesium, calcium, etc., that are produced by reac-
tions with steam to produce hydrogen. The hydrogen can be
removed through a hydrogen outlet fitting 816 after filtration
through a suitable filter medium 818. The filter medium 818
can be activated carbon, carbon foam, or fiber or wire com-
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pact, for example. Collecting of the filtered hydrogen may be
aided by slots or passageways such as spiral or helical pas-
sageways 818G. Pressurized water is added through the
steam inlet fitting 822, at a rate that controls reactions, to
release and pressurize the hydrogen to a magnitude, such as
about 100 to about 1,000 BARG.

Although the reactions that produce hydrogen may be exo-
thermic, heat may be added to the reaction initially to expe-
dite hydrogen production. The heat may be added via an
electrically induced plasma and/or a resistance or inductance
heater 834 extending into the reactor chamber 808, as shown.
Reaction products that collect in the third zone 832C are
removed by pressure extrusion through a drain and drain
valve 836 connected to the reactor chamber 808. The removed
products may be recycled to produce more feedstock 806,
and/or may be used for other applications.

Equations 3 and 4 summarize some processes that are
useful for emergency production of hydrogen from acid, such
as waste sulfuric acid (e.g., from lead-acid batteries) and

scrap steel, zinc, aluminum, or magnesium.
Fe+H,80,—~FeSO,4+H,+HEAT Equation 3
Mg+H,S0,—=MgSO +H,+HEAT Equation 4

In operation with a reactor, such as the reactors or genera-
tors shown in FIGS. 1 and 3A, diluted sulfuric acid is fed
through the steam inlet 622 or 822 by a suitable pump. Scrap
metal, including mixtures of metals such as steel, zinc, alu-
minum, and/or magnesium, is fed into the reactor in the form
ofrolled or crushed wire 606, 806, resulting in the delivery of
hydrogen from hydrogen outlet fitting 616 or 816 as shown.
Hydrogen can be produced at high pressure by intermittently
or continuously loading low pressure sulfuric acid, e.g., by a
suitable pump. Hydrogen production can be initiated or aided
by specialized carbon and/or other catalysts for reactions
such as represented by Equations 2, 3, 4, and the like. After
initiating such reactions by catalysts and/or heat addition,
controlled process heat retention provides elevated tempera-
ture operation. At elevated temperatures, sufficient activation
energy is available to rapidly produce hydrogen. Thus, in
addition to pressurized hydrogen, heat can be produced by the
reactions of Equations 2, 3, and/or 4 and may be transferred
for efficient operation of ancillary processes.

In applications where operation at temperatures less than
about 150° C. (300° F.) is adequate, the surfaces of the sys-
tems shown in FIGS. 1 and 3 A that are exposed to caustics or
acids can be protected by polymer liners, coatings, and/or
protective sleeves or tubes that include suitable materials,
such as fluoropolymers, PTFE, or PFA. Higher temperature
protection from chemical corrosion or attack is provided by
selected super alloys, e.g., stainless steels such as 316 alloy,
zirconium, tantalum or ceramic materials such as zirconia or
tungsten carbide. Referring to FIG. 3 A, the chamber seal 814
may be a relatively soft metal such as copper, nickel or iron
alloys in an O-ring, hollow-ring, or another suitable gasket
profile. Such higher temperature materials of construction
enable utilization of heat from the cooling system or exhaust
system of an engine, for example, to maintain hydrogen gen-
erator 600 or 800 at a temperature selected to greatly accel-
erate hydrogen production.

When an increased rate of reaction is desired for produc-
tion of hydrogen by endothermic dissociation, the hydrogen
generators 600 or 800 described above may be operated at
elevated temperatures with feedstocks such as water and a
metal and/or hydride feedstock. The hydrogen can be pro-
duced by endothermic dissociation of a hydrogen donor com-
pound such as methane, methanol etc., or by endothermic
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reaction of an oxygen donor such as steam with a compound
containing hydrogen and carbon. For example, an elevated
temperature fluid, such as steam at 600 to 1200° C. (1100 to
2200° F.), can be produced and delivered through a supple-
mental steam collection port fitting 813 to serve as a reactant
for producer gas reactions and/or as a heat transfer fluid for
driving dissociation reactions. The hydrogen generator 800
can accordingly include a suitably insulated carbon filament
wrapped zirconia or super alloy reactor chamber 808.

The filter medium 818 may be constructed of ceramic fiber,
graphite foam, or activated carbon in order to deliver high
temperature and/or high pressure hydrogen through the
hydrogen outlet fitting 816. Utilization of suitable medium in
zones 832A, 832B, such as carbon catalyst particles and/or
fluidized ceramic particle bed, and/or fused caustic or salt
mixtures, facilitate occasional or continuous extrusion of
metal oxide or metal hydroxide from zone 832C through
valve 836. Feedstock water and/or other reactive substances
such as fuel alcohols can be provided at the operating pressure
through fitting 822 as shown.

Equations 5 and 6 summarize reactions for a mixture of
water and an alcohol such as ethanol or methanol to be added
through the supplemental steam collection port fitting 813 at
the pressure of fuel and/or steam production in which a
hydride or metal such as steel, magnesium, or aluminum is
another feedstock. Equation 7 summarizes a reaction of
hydrocarbons such as methane in similar processes.

CH,OH+4H,0+Al—>CO+3.5H,+Al(OH) ,+HEAT+

H,0 Equation 5
CH;OH+4H,0+Al—=CO,+4.5H,+Al(OH); +HEAT Equation 6
CH,+5H,0+Al—=CO,+5.5H,+Al(OH); +HEAT Equation 7

Operation may be facilitated by several types of feedstock
including combinations of materials for cold start, operation
at elevated temperature, and operation to produce various
product selections. FIG. 3B shows a partial section view of a
reaction feedstock embodiment of a relatively thin wall tube
850 made of a suitable material such as thermopolymer, steel,
aluminum, or magnesium. Inside the tube 850 is another
feedstock such as steel filings, shreds, and/or metal wool,
shreds and/or powder and/or fast startup amounts of sodium
or potassium or calcium carbide and/or a suitable form of
metal hydride. The tube 850 provides a smooth outside diam-
eter for sealing by one or more seals 802 against pressure
produced in the reactor chamber. The selection of feedstock
substances for embodiment 8068 can be for very fast startup
(e.g., sodium or potassium) along with slower reactants such
as iron and steel alloy wastes for continued operation after the
reactor reaches satisfactory temperature.

In certain embodiments, filter media 818 may be a micro-
sieve or have hydrophobic characteristics at least on the zone
providing final filtration of hydrogen to enable steam to be
collected from steam collection port fitting 813. Carbon mon-
oxide may similarly be directed by surface active agents or
another size of micro-sieve filter media 809 to carbon mon-
oxide collection port fitting 811.

In other embodiments, a suitable catalyst such as cobalt-
molybdenum oxide or other transition metal oxide selections
are provided to react with carbon monoxide and steam to
produce additional hydrogen and carbon dioxide. The carbon
monoxide is an intermediate that may become a product
unless there is enough steam to convert it to carbon dioxide.
This conversion can increase the thermal efficiency of an
engine that uses the extra hydrogen, particularly for produc-
ing/delivering more pressure after TDC and more combustion
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energy. The carbon dioxide may be separated as hydrogen is
passed through a suitable proton membrane for uses such as
making methanol or if it is injected after TDC it produces
expansive work. Catalyst placement on circulated zones such
as filter media 809 readily provides or completes such con-
version.

FIG. 4 shows a hydrogen generator system 1050 according
to a representative embodiment in which a hydrogen donor
fluid H,C, is converted in one or more processors such as
1072, (four are shown in FIG. 4 as 1072A, 1072B, 1072C,
1072D) to hydrogen and other constituents such as carbon,
carbon monoxide, or carbon dioxide. Illustratively, natural
gas is stored in a tank 1052 at a suitable pressure such as 700
BARG (full) to 7 BARG (nearly empty) (10,000 PSIG to 100
PSIG). The natural gas is cyclically transterred into the pro-
cessor 1072 and endothermically reacted by utilization of
suitable regenerative heat and an oxygen donor. Suitable oxy-
gen donors include steam from the hydrogen generators 600,
800 described above, or another supply of water to produce
hydrogen and carbon monoxide at suitable pressure.

In a particular embodiment, each processor 1072 includes
a corresponding closed-end nipple separator tube 1025
(shown as first-fourth tubes 1025A-D). Hydrogen is passed
into the inside volume of the closed end nipple tubes 1025
through the walls of the tubes 1025. The hydrogen is then
delivered through corresponding valves 1033 (shown as first-
fourth valves 1033A-1033D) to a first accumulator 1020.
Other gases such as methane, ethane, propane, carbon mon-
oxide, carbon dioxide, and water vapor steam, are routed
through corresponding valves 1086A-D and media 1018 to
second accumulator 1024. This enables production of suit-
ably pressurized, separated, and stored gases in first and sec-
ond accumulators 1020 and 1024 and improves the pressur-
ization and conversion efficiency of the processors 1072 by
removing a product such as hydrogen from other products
and/or reducing the pressure of a product such as hydrogen.
The pressure can be controlled by valves 1033, 1086 and
1035.

Similar operation is provided at variously adapted timing
regarding the separator tubes 1025A-D and corresponding
valves 1033 A-D to produce suitably pressurized, separated,
and stored gases in the first and second accumulators 1020
and 1024. The pressurization and conversion efficiency of the
processors 1072 can be improved by removing a product such
as hydrogen from other products, and similarly improving
efficiency by providing reduced pressure of a product such as
hydrogen by control of the foregoing valves. In some embodi-
ments, the process of filling the processor chambers such as
1072 can be more convenient and quicker by initially pressure
loading into a tank 1052 a relatively small amount of pres-
surization agent such as water, liquid propane, and/or a wet
antifreeze such as a water solution with methanol, ethanol,
propanol, butanol, etc. Such a pressurization agent can be
added through a port 1060 at a relatively low pressure such as
2-4 BARG prior to filling the tank 1052 with natural gas to a
suitable pressure such as 300 to 700 BARG (4500 to 10,000
PSIG). As the natural gas is transferred out of tank 1052
through a filter 1016, the pressure drops, and at a certain level,
a controller 1074 provides for gasification of the liquid pres-
surization agent by one or more heat generators 1062, 1064,
and/or 1066 in an amount that restores sufficient pressure to
provide suitable natural gas transfer rates into the processor
chambers.

The nipple separator tubes 1025A-D may be made of
ceramics such as selected perovskites, silicon-carbide, graph-
ite with silicon carbide conversion coatings, or various car-
bon-glass composites. In particular embodiments, suitable
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micro-porous ceramics may be incorporated into the material
and may be heated by induction and/or otherwise to serve as
resistance elements and/or in galvanic pressurization sys-
tems. In other embodiments, such hydrogen separator tubes
are heated by surface plasma that is generated by skin effect.
In still further embodiments, a composite of silicon-carbide
fibers that is formed and infiltrated with silicon carbonitride
(e.g., to the extent desired for micro-porosity development)
can produce high fatigue endurance strength with chemical
inertness. Such silicon carbide and silicon carbonitride com-
posites include types generated from polymer precursors.

In some embodiments, the processors 1072A-D are inte-
grated, incorporated into, and/or otherwise coupled to an
engine exhaust system. For example, the processors 1072 can
be packaged as sub-systems within exhaust system zones
1032 and/or 1071 and other features of the engine’s exhaust
system 1039. In further particular embodiments, the engine
can also include a momentum transfer injector 1015, turbo-
charger 1017, 1021, and turbo exducer 1037. This can facili-
tate beneficial heat transfers and efficient system insulation,
fiber reinforcement, and armoring along with sufficient cool-
ing of the water content of the exhaust gases to facilitate
collection and storage of water in insulated receiver 1041.
The exhaust system further serves as the pressure and heat
attenuator or safety snubber for emergency blow-down of the
first and second accumulators 1020 and 1024, the processors
1072A-D and/or the tank 1052.

As discussed above, in some embodiments, a predeter-
mined amount of a substance that can perform as an anti-
freeze such as ethanol, methanol, ammonia or urea is charged
into tank 1052 before adding gaseous fuel such as natural gas
or hydrogen. As the gaseous fuel is depleted, a small liquid
pump 1055 transfers water from the insulated receiver 1041
into the tank 1052. The antifreeze forms a solution with the
water to prevent it from freezing in cold ambient conditions.
On occasions that it is desired to increase the pressure in the
tank 1052, the controller 1074 initiates one or more liquid to
gas phase changes and/or production of products, such as
carbon monoxide, carbon dioxide, hydrogen, and/or nitrogen,
to further pressurize the tank 1052. The phase change can be
produced by heat generated by an electrically induced plasma
and/or resistance or inductive heating and/or by circulation of
a heated fluid.

A long standing problem with various chemical reaction
processes that produce hydrogen and other substances from
feedstocks that contain hydrogen is recombination and/or
formation of other compounds with hydrogen. This causes
the hydrogen production efficiency to be diminished.

Advantages provided by the disclosed technology, such as
shown in FIG. 4 for example, include separating the hydrogen
from potential oxidants or reactants e.g., carbon monoxide,
carbon dioxide, nitrogen, and other substances. In addition to
facilitating separated Joule-Thompson (J-T) expansive cool-
ing and J-T expansion heating, this allows such reactants to be
pressurized by methods and/or pathways separate from those
used for hydrogen. As a result, considerably less expensive
materials can be used to pressurize and contain the non-
hydrogen constituents. This arrangement also allows indi-
vidual separated substances to be pressurized to different
levels for purposes of benefiting the net work production by
host applications such as a heat engine or fuel cell.

Tlustratively, reactants such as methane and water vapor
from the tank 1052 can be transferred at 3 to 10 BARG (gauge
pressure) into a processor 1072A-D through a corresponding
inlet valve 1070 A-D while a corresponding valve 1086A-D is
open. This process can charge the third accumulator 1053 to
intermittently inject hydrogen to induce delivery of an
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increased mass of air into the engine combustion chamber
when the engine cylinder intake valve 1034 is open. The
performance of the turbo expander 1017 can be improved by
additional flow from a port 1093 to a turbo injector 1015 for
temperature control, including combustion of fuel gases to
increase the temperature and momentum of exhaust gases
that pass through the turbo expander 1017 and/or cooling with
water vapor.

The controller 1074, in addition to the tasks described
above, can adjust the composition of fluids that exit the pro-
cessors 1072 after the thermochemical regeneration and pres-
surization processes, and can adjust cooling and/or heating
potentials. In particular embodiments, the controller 1074 can
intermittently increase the flow and delivery of water from a
suitable source (such as the insulated receiver 1041) to a
cooling port 1059 for delivery into the processors 1072A-D at
appropriate times to provide for such cooling.

Upon satisfactory loading of the processors 1072 A-D, cor-
responding valves 1070A-D, 1033A-D, 1063A-D, and
1086A-D are closed while the pressure within the corre-
sponding processor is increased to 700 BARG or more by
endothermic energy additions. Such heat additions may be
achieved by circulation of hot engine coolant and/or exhaust
gases through the heat exchanger 1082 and/or electrically
induced resistance, induction, and/or plasma heating by heat
generators and/or exchangers 1080 and/or 1084. Heat
exchanger 1082 can also circulate excess heat in the form of
steam or water (e.g., condensed steam) collected from steam
collection port fitting 813 of hydrogen reactor 800 shown in
FIG. 3A. In other embodiments, heat exchanger 1082 can
circulate heated water and/or gases that are heated by a reac-
tor chamber 601 and/or 808. For example, heat from sidewall
617 of reactor chamber 601 can be used to heat water, or other
suitable heat transfer medium, for use in heat exchanger 1082.
Although heaters 1080, 1082, and 1084 are only shown for
one processor (i.e., processor 1072D), each processor can
include one or more of the disclosed heaters.

Pressurized hydrogen that is separated by the filter medium
1018 and/or by the corresponding separator tubes 1025A-D is
delivered through corresponding valves 1033A-D into the
first accumulator 1020. Other gases are transferred to the filter
medium 1018 to further remove hydrogen that is transferred
to the first accumulator 1020, while remaining pressurized
gases (e.g., non-hydrogen gases) are transferred into the sec-
ond accumulator 1024.

After satisfactory production, one or more separations,
transfers of pressurized hydrogen into the first accumulator
1020 and transfers of other high pressure gases into the sec-
ond accumulator 1024, gases remaining in the processors
1072A-D are transferred through the corresponding three-
way valves 1086A-D into the third accumulator 1053. The
gases from the third accumulator 1053 can induce increased
air intake to the engine and/or increase the exhaust flow
momentum by suitable intermittent or continuous operation
of the injectors 1094 and/or 1015. Injector 1015 may from
time to time deliver gases from third accumulator 1053 and/or
other fluids that are placed in insulated receiver 1041 to con-
trol the operating temperature and/or pressure of turbine 1037
as used by system information computer processor 1074.

In certain embodiments, exhaust gases are circulated from
a suitable high temperature zone 1032 to rapidly heat the
reactants via heat exchangers (e.g., the heat exchanger 1082)
in the processors 1072A-D. Exhaust gases from zone 1096
may provide sufficient heat to the contents of the tank 1052 to
produce the desired pressure for quick deliveries to the ther-
mochemical processors 1072A-D. However, such pressuriza-
tion may be accelerated by circulating higher temperature
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gases from zone 1032. In some instances the tank 1052 may
occasionally be used to store liquid fuels such as ammonia,
propane, methanol, ethanol, butanol or cryogenic methane,
and/or hydrogen, and pressurizing the contents of the tank
1052 by circulating exhaust gases from zones 1032 and/or
1096 through heat exchangers such as 1064 and/or 1082 can
provide several benefits. These can include: producing vapor
pressure for delivering fuel through the filter reactor 1016 and
three-way selector valve 1012 to the processors 1072A-D;
cooling exhaust gases to increase the amount of water col-
lected by the exducer 1037; reducing back pressure by cool-
ing the exhaust gases before or after the exhaust gases pass
through the optional turbo-expander 1017 to benefit overall
performance of the engine 1002; and/or higher overall effi-
ciency of operation by minimizing the amount of electricity
supplied by heaters such as 1062, 1066, 1080, and/or 1084 to
produce resistive, inductive, or plasma energy conversion.

An embodiment for hydrogen separation and pressuriza-
tion is provided for operation in conjunction with various
process reactions. Illustratively, as shown in Equation 8,
methane reacts with steam to produce carbon monoxide and
hydrogen. Similarly, some endothermic reactions of Equa-
tions 9 and 10 produce hydrogen.

CH,+H,O+HEAT—CO+3H, Equation 8
CH,+HEAT—C+2H, Equation 9
2NH;+HEAT—N,+3H, Equation 10

The hydrogen can be removed and further pressurized as it
is formed by transfer from the reaction zone through a semi-
permeable membrane. This is beneficial for purposes of shift-
ing such reactions towards greater yields and/or allowing
higher reactant pressures without reducing yields. Proton
conduction for such separation and pressurization can be
provided in composites and ceramics such as perovskite (Sr-
CeO;) oxide. Atmospheres at elevated temperatures that
include hydrogen can be separated at increased rates by doped
perovskite-type oxides. Such enhanced proton conductivity is
provided with membranes such as doped SrCeO;, CaZrO;,
BaCeO;, and/or SrZrO,. Suitable dopants include yttrium,
ytterbium, europium, samarium, neodymium, and gado-
linium.

Hydrogen separation by such oxide ceramics can be
enhanced by increased pressure gradient and/or application
of'a DCbias. Inembodiments that apply a DC bias or galvanic
drive in the hydrogen separation process, the hydrogen can
permeate from a lower H, pressure on one side to a high H,
partial pressure on the other side of the membrane and vice
versa for embodiments in which hydrogen permeates from
the high pressure to the low pressure side of the membrane. In
comparison, in embodiments that apply a non-galvanic
hydrogen separation process in which a pressure difference
exists, transport is only from the high H, partial pressure side
to a low H, partial pressure side of the membrane.

Catalysts may be utilized at a reaction surface to influence
surface exchange reactions such as various steps or the pro-
cesses of Equations 8, 9, and/or 10, and the hydrogen perme-
ation can be enhanced by coating the membrane with a sur-
face catalyst to reduce the activation energy for the surface
exchange reactions. To some extent many anode material
selections are favorable catalysts. Anodes of galvanic hydro-
gen pumps include porous films of Ni, Ag, Pt, and Ni/BCY
porous layer. In such hydrogen pumping processes, the gas
mixture in the anode and cathode zones compartments can
include steam or be humidified with water vapor to improve
the proton conductivity of the electrolyte and suppress its
electronic conductivity.
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The hydrogen separation rate increases as the applied cur-
rent is increased, in accordance with Faraday’s law. Depend-
ing upon factors such as reactant pressure and temperature,
dopant selection, membrane thickness, and humidity, applied
galvanic voltage gradients such as 0.2 to 20 VDC are adequate
to produce higher pressure hydrogen. Such net galvanic volt-
age gradients may be produced by much higher voltage AC or
DC electricity delivered to resistive and/or inductive heating
of the reactor-separator tube.

Thus, various mixtures of reactants and products such as
H, along with CO, CO,, H,0, and/or N, in the anode zone can
be separated to provide pressurized H, at the cathode zone.
Such hydrogen pressurization driven by an applied external
voltage can move hydrogen from a suitably pressurized gas
mixture including reactants and products to higher pressure
for delivery for denser storage and injection purposes. Thus,
pressurized gases that provide expansive cooling are col-
lected on the anode side of the membrane for injection and
expansive cooling before top dead center (TDC), and further
pressurized hydrogen is delivered from the cathode side at
higher pressure into storage for injection at or after TDC to
produce expansive heating.

Such arrangements can be provided with the cathode on the
inside diameter of a tube and the anode on the outside diam-
eter or vice versa. Endothermic heat can be added in various
steps including H from engine coolant at 102° C. (215° F.),
H from engine exhaust gases 315° C. (600° F.) or higher
temperature, and Hy from electrical bias and/or inductive
and/or resistance at 650 to 1600° C. (1200 to 2900° F.) as may
be adaptively controlled to achieve the conversion rate and
pressurization of hydrogen for engine operation. Renewable
or regenerative sources of energy for H,, include regenerative
deceleration of a vehicle, energy conversion streamlining of a
vehicle, or utilization of off-peak electricity in stationary
engine applications.

Depending upon the pressure desired for hydrogen storage,
itmay be preferred to utilize a more or less coaxial flow circuit
that provides for reactants to first gain a portion of Hy from
exhaust gases and then enter into the bore and cathode of a
tube reactor and to utilize galvanic hydrogen separation and
pressurization to compressively stress the reaction-separation
tube. This provides a thermal gradient from exhaust gases to
supply the first portion of Hy and flexibility, including rapid
application of regenerative energy, to provide additional H at
higher adaptively controlled temperatures and/or from other
electricity sources to produce hydrogen at the desired rate
and/or.

Tustratively, following reaction and separation gases from
the bore or anode can be injected before TDC to produce
expansive cooling and reduction of back work to boost brake
mean effective pressure (BMEP). Reactants delivered to the
anode within the tube bore at 61 Bar (900 PSI) can be reacted
to produce hydrogen that is removed to improve the reaction
yield and delivered by galvanic separation at voltage gradi-
ents 0f 0.2 to 20 VD to the cathode at the outside zone of the
separator tube at 122 Bar (1800 PSI) to facilitate direct injec-
tion at or after TDC with expansive heating and pressure
additions to boost BMEP.

In a particular embodiment, the high temperature mem-
brane may be fabricated from nanoporous tubing. The tubing
may comprise composites including a PG tube with exfoli-
ated layers perpendicular to the centerline and with SiC fiber
and/or SizN, and/or SiAION stabilization of the separation
capillaries along the length of the tube. In other embodiments,
the composite comprises a SiC fiber compact with infiltration
of Si particles that are sized to provide H, separation after
reaction and conversion to Si;N,.
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The separation rate of H,/CO and H,/CO, depends on the
type of membrane used for the separation process. In cases for
which a mixed proton-electron conducting ceramic mem-
brane is used, the hydrogen permeation flux and H, separation
factor for both gas mixtures are almost the same. In cases in
which a nanoporous membrane is used, the H,/CO separation
factor will be higher than that of H,/CO, because CO molecu-
lar size is larger than CO,. In cases where a Pd or Pd-based
alloy membrane is used, the H, separation factor is the same
for both cases, but CO will poison the Pd and Pd alloy mem-
branes, thus the H, permeation flux decreases.

In a particular embodiment, the membranes are polymeric
membranes, which operate at low temperatures (<100° C.)
and are suitable for CO,, N, separation. In other embodi-
ments, the membranes are metallic, such as Pd, Pd—Ag,
Pd—Cu, and Pd—Au which operate at intermediate tempera-
tures (350° C.-700° C.) for hydrogen separation. In another
embodiment, the membranes comprise microporous or nan-
oporous inorganic membranes, MFI, MOF, and SAPO that
operate at intermediate temperatures (200-600° C.) for the
separation of H,, CO, CO,, CH,, N,, and some other light
hydrocarbon gases. In still further embodiments, dual-phase
dense ceramic membranes are used, such as molten carbon-
ate/Y'SZ dual-phase membrane which operate at 700-950° C.
for CO, separation. In other embodiments, mixed ion-elec-
tron conducting ceramic membranes are used, with fluorite or
perovskite structures that can operate up to 1000° C. or higher
for separation of H, and O, from gas mixtures.

In one embodiment, the membrane tube is constructed with
a self-organized tube by deposition of carbon from a hydro-
carbon substance to grow a tube from a suitably oriented
single crystal graphite tube seed. The self-organized tube may
be heat treated in a silicon and/or aluminum and/or magne-
sium and/or another metal donor atmosphere to deposit sili-
con, aluminum, magnesium, and/or another metal on one or
more surfaces of the tube. The tube may be heat treated a
second time to substantially convert the deposited silicon,
aluminum, magnesium and/or other metal to provide a com-
posite that separates hydrogen from mixtures with an oxide of
carbon at temperatures between 700 and 1400 C.

In another embodiment, the tube comprises a graphite
foam tube constructed from a hydrocarbon substance that
includes an open cell network to allow transmission of gases
such as hydrogen, nitrogen, steam and oxides of carbon. The
graphite foam tube may be heat treated in a silicon and/or
aluminum and/or magnesium and/or another metal donor
atmosphere to deposit silicon, aluminum, magnesium, and/or
another metal on one or more surfaces of the tube including
surfaces of said open cell network. The tube may be heat
treated a second time to substantially convert the deposited
silicon, aluminum, magnesium and/or other metal to provide
a composite that separates hydrogen from mixtures with
nitrogen, steam, and oxides of carbon at temperatures
between 700 and 1400 C.

In a further embodiment, a ceramic tube is prepared from a
precursor substance that includes an open cell network to
allow transmission of gases such as hydrogen, nitrogen,
steam and oxides of carbon. The ceramic tube may be heat
treated in a silicon and/or aluminum and/or magnesium and/
or another metal donor atmosphere to deposit silicon, alumi-
num, magnesium, and/or another metal on one or more sur-
faces of the tube including surfaces of said open cell network.
The tube may be heat treated a second time to substantially
convert the deposited silicon, aluminum, magnesium, and/or
other metal to provide a composite that separates hydrogen
from mixtures with nitrogen, steam, and oxides of carbon at
temperatures between 700 and 1400 C.
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Some aspects of the technology described herein may take
the form of, or make use of, computer-executable instruc-
tions, including routines executed by a programmable com-
puter or controller. Those skilled in the relevant art will appre-
ciate that aspects of the technology can be practiced on
computer systems other than those described herein. Aspects
of the technology can be embodied in one or more special-
purpose computers or data processors, such as an engine
control unit (ECU), engine control module (ECM), fuel sys-
tem controller, ignition controller, or the like, that is specifi-
cally programmed, configured, or constructed to perform one
or more computer-executable instructions consistent with the
technology described herein. Accordingly, the term “com-
puter,” “processor,” or “controller” as may be used herein
refers to any data processor and can include ECUs, ECMs,
and modules, as well as Internet appliances and hand-held
devices (including diagnostic devices, palm-top computers,
wearable computers, cellular or mobile phones, multi-proces-
sor systems, processor-based or programmable consumer
electronics, network computers, mini computers, and the
like). Information handled by these computers can be pre-
sented at any suitable display medium, including a CRT dis-
play, LCD, or dedicated display device or mechanism (e.g.,
gauge).

The technology can also be practiced in distributed envi-
ronments, where tasks or modules are performed by remote
processing devices that are linked through a communications
network. In a distributed computing environment, program
modules or subroutines may be located in local and remote
memory storage devices. Aspects of the technology described
herein may be stored or distributed on computer-readable
media, including magnetic or optically readable or removable
computer disks, as well as distributed electronically over
networks. Such networks may include, for example and with-
out limitation, Controller Area Networks (CAN), Local Inter-
connect Networks (LIN), and the like. In particular embodi-
ments, data structures and transmissions of data particular to
aspects of the technology are also encompassed within the
scope of the technology.

From the foregoing it will be appreciated that, although
specific embodiments of the technology have been described
herein for purposes of illustration, various modifications may
be made without deviating from the spirit and scope of the
technology. Further, certain aspects of the new technology
described in the context of particular embodiments may be
combined or eliminated in other embodiments. Moreover,
while advantages associated with certain embodiments of the
technology have been described in the context of those
embodiments, other embodiments may also exhibit such
advantages, and not all embodiments need necessarily exhibit
such advantages to fall within the scope of the technology.
Also contemplated herein are methods which may include
any procedural step inherent in the structures and systems
described herein. Accordingly, the disclosure and associated
technology can encompass other embodiments not expressly
shown or described herein.

In one embodiment, for example, a hydrogen generator
includes a reactor chamber having a feedstock inlet and an
inlet seal positioned at the feedstock inlet. One or more drive
elements are positioned to draw a feedstock through the inlet
seal and into the reactor chamber. One or more distressing
elements are positioned in line with the feed rollers to produce
stress in the feedstock. Steam is provided to the reactor cham-
ber through a steam inlet and hydrogen is collected from a
hydrogen outlet.
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In some embodiments, a heater extends into the reactor
chamber. In other embodiments a filter is disposed inside the
reactor chamber and adjacent the hydrogen outlet. The filter
can include a spiral passageway in fluid communication with
the hydrogen outlet. In some embodiments, the distressing
rollers are positioned to cause the feedstock to curl. The
distressing rollers can include one or more perforators to
perforate the feedstock. In some embodiments, the hydrogen
generator includes a drain connected to the reactor chamber.

In another embodiment, a hydrogen generator includes a
cylindrical reactor chamber having a surrounding sidewall
and a feedstock inlet with an inlet seal disposed in the inlet. At
least one pair of feed rollers is positioned to draw a feedstock
through the inlet seal and into the reactor chamber. In some
embodiments, the feed rollers are located at a bottom portion
of the reactor chamber, whereby feedstock is drawn into the
bottom portion of the reactor chamber. At least two pairs of
distressing gears are positioned in line with the feed rollers to
produce stress in the feedstock. In some embodiments, an
electrically operated heater extends into the reactor chamber
for initiating the hydrogen generation reaction(s). In other
embodiments, the hydrogen generator includes a steam inlet
and a hydrogen outlet extending through the surrounding
sidewall of the reactor chamber.

In some embodiments, the at least two pairs of distressing
gears include one or more perforators to perforate the feed-
stock. Some embodiments include a filter connected to the
hydrogen outlet. Other embodiments include a steam collec-
tion port and a carbon monoxide collection port.

According to a representative embodiment, a method for
generating hydrogen from metal feedstock includes feeding a
metal feedstock material into a reaction chamber, distressing
the metal feedstock material, exposing the metal feedstock
material to high-pressure steam within the reaction chamber,
and exposing the metal feedstock material to a catalytic agent
within the reaction chamber. In some embodiments, the reac-
tion chamber is heated to initiate and or sustain the hydrogen
generation reaction(s) at a desired rate.

In some embodiments, the metal feedstock is selected from
the group consisting of aluminum, steel, and magnesium. In
some embodiments, the catalytic agent is selected from the
group consisting of potassium hydroxide, sodium hydroxide,
and sulfuric acid. Some embodiments include collecting
hydrogen from the reaction chamber. Other embodiments
include filtering the hydrogen. Various embodiments include
collecting carbon monoxide from the reaction chamber.
Some embodiments include varying the rate at which the
metal feedstock is exposed to high-pressure steam to control
the amount of hydrogen generated. Still other embodiments
include varying the rate at which the metal feedstock is fed
into the reaction chamber to control the amount of hydrogen
generated.

What is claimed is:

1. A hydrogen generator, comprising:

areactor chamber having a feedstock inlet and an inlet seal
positioned at the feedstock inlet;

one or more drive elements positioned to draw a feedstock
through the inlet seal and into the reactor chamber;

one or more distressing elements positioned in line with the
drive elements, wherein the one or more distressing
elements include one or more perforators to perforate
the feedstock;

a steam inlet; and

a hydrogen outlet.

2. The hydrogen generator according to claim 1, further

comprising a heater extending into the reactor chamber.
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3. The hydrogen generator according to claim 1, further
comprising a filter disposed inside the reactor chamber and
adjacent the hydrogen outlet.

4. The hydrogen generator according to claim 3, wherein
the filter includes a spiral passageway in fluid communication
with the hydrogen outlet.

5. The hydrogen generator according to claim 1, wherein
the one or more distressing elements are positioned to cause
the feedstock to curl.

6. The hydrogen generator according to claim 1, further
comprising a drain connected to the reactor chamber.

7. A hydrogen generator, comprising:

a cylindrical reactor chamber having a surrounding side-
wall and a feedstock inlet with an inlet seal disposed
therein;

at least one pair of feed rollers positioned to draw a feed-
stock through the inlet seal and into the reactor chamber;

atleast two pairs of distressing gears positioned in line with
the feed rollers, wherein the at least two pairs of distress-
ing gears include one or more perforators to perforate
the feedstock;

a heater extending into the reactor chamber;

a steam inlet extending through the surrounding sidewall;
and

a hydrogen outlet extending through the surrounding side-
wall.

8. The hydrogen generator according to claim 7, wherein

the heater is electrically operated.

9. The hydrogen generator according to claim 7, wherein
the at least one pair of feed rollers is located at a bottom
portion of the reactor chamber, whereby the feedstock is
drawn into the bottom portion of the reactor chamber.

10. The hydrogen generator according to claim 7, further
comprising a filter connected to the hydrogen outlet.

11. The hydrogen generator according to claim 7, further
comprising a steam collection port.

12. The hydrogen generator according to claim 7, further
comprising a carbon monoxide collection port.

13. A method for generating hydrogen from metal feed-
stock, the method comprising:

feeding a metal feedstock material into a reaction chamber;

perforating the metal feedstock material;

exposing the metal feedstock material to high-pressure
steam within the reaction chamber;

exposing the metal feedstock material to a catalytic agent
within the reaction chamber; and

heating the reaction chamber.

14. The method according to claim 13, wherein the metal
feedstock is selected from the group consisting of aluminum,
steel, and magnesium.

15. The method according to claim 13, wherein the cata-
Iytic agent is selected from the group consisting of potassium
hydroxide, sodium hydroxide, and sulfuric acid.

16. The method according to claim 13, further comprising
collecting hydrogen from the reaction chamber.

17. The method according to claim 16, further comprising
filtering the hydrogen.

18. The method according to claim 13, further comprising
collecting carbon monoxide from the reaction chamber.

19. The method according to claim 13, further comprising
varying the rate at which the metal feedstock is exposed to
high-pressure steam to control the amount of hydrogen gen-
erated.

20. The method according to claim 13, further comprising
varying the rate at which the metal feedstock is fed into the
reaction chamber to control the amount of hydrogen gener-
ated.



